In the present study we use the in vivo microdialysis sampling technique to register extracellular levels of neurotransmitters in the striatum of trained and untrained rats. We further evaluate the in¯uence of 1 h of exercise on the striatal release of dopamine (DA), noradrenaline (NA), glutamate (GLU) and c-aminobutyric acid (GABA) in trained and untrained rats. Male Wistars were randomly assigned to a training or control group. The exercise training consisted of running on a treadmill for 6 weeks, 5 days week Peripheral physiological adaptations to chronic exercise have been the subject of several studies. The extent of the response of the body to chronic exercise will be dependent on a number of factors, including the exercise intensity, duration and training status of the individual (Mazzeo 1991) . To adjust to the disturbance in resting homeostasis induced by the exercise stimulus, a number of regulatory systems are called upon to return the body to a new level of homeostasis. Principal among these regulatory systems is the central nervous system. The catecholamines, both as neurotransmitters and as hormones, have very powerful regulatory properties that exert control over a number of critical physiological and metabolic functions (Mazzeo 1991) . In contrast with our knowledge about the peripheral adaptations to chronic exercise, studies relating chronic
, with running time and speed gradually increased from 30 min at 19 m min . Brain dialysates were analysed with microbore liquid chromatography (LC), with electrochemical detection (monoamines and GABA) and uorescence detection (GLU). Soleus citrate synthase and basal striatal concentrations of DA, NA and GLU were signi®cantly different between the trained and control animals. Sixty minutes of exercise signi®cantly increased extracellular DA, NA and GLU levels in both groups, but there was no statistically signi®cant difference in the exercise-induced increase between trained and control animals. There was no statistical difference in basal or exercise-induced GABA levels between trained and control animals. The results indicate that exercise training appears to result in diminished basal activity of striatal neurotransmitters, while maintaining the necessary sensitivity for responses to acute exercise.
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Peripheral physiological adaptations to chronic exercise have been the subject of several studies. The extent of the response of the body to chronic exercise will be dependent on a number of factors, including the exercise intensity, duration and training status of the individual (Mazzeo 1991) . To adjust to the disturbance in resting homeostasis induced by the exercise stimulus, a number of regulatory systems are called upon to return the body to a new level of homeostasis. Principal among these regulatory systems is the central nervous system. The catecholamines, both as neurotransmitters and as hormones, have very powerful regulatory properties that exert control over a number of critical physiological and metabolic functions (Mazzeo 1991) . In contrast with our knowledge about the peripheral adaptations to chronic exercise, studies relating chronic exercise to brain neurotransmitter levels are less clear inasmuch as they have measured neurotransmitter concentrations from brain tissue preparations. Neurotransmitter concentrations £uctuate greatly, are easily a¡ected by the method of sacri¢ce and the time between dissection and freezing, and give little indication of the dynamics of the transmitter system (Gilliam etal. 1984) . Microdialysis is a method to assess alterations in neurotransmitter levels in brain extracellular space. A primary advantage of microdialysis is that it can be used to examine neurochemistry in behaving animals (Mark et al. 1991) . The heterogeneity of the brain with respect to behavioural and neurotransmitter functions suggests that it is important to examine region-speci¢c transmitter functions associated with movement control.The basal ganglia circuitry controls motor function and behaviour, and is strongly in£uenced by dopaminergic and glutamatergic neurotransmission (Marsden 1982 , Aosaki et al. 1994 , Di Chiara et al. 1994 , Holm et al. 1995 . Several research reports indicate that increases in striatal neurotransmitter release occur when rats are engaged in a motor behaviour task (Freed & Yamamoto 1985 , Hattori et al. 1993 .
Although the peripheral adaptations to chronic exercise are well established, little is known about the relationship between chronic endurance training and central nervous system transmitter functions, especially the e¡ects of exercise training on striatal neurotransmitter release. Furthermore, since movement initiation and control of locomotion have been shown to be related to striatal neurotransmitter function (Gilliam etal. 1984 , Wu et al. 1993 , it is reasonable to propose that a systematic exercise training programme may either directly or indirectly produce changes in striatal neurotransmission; however, information on the e¡ect of exercise training on striatal neurotransmitter release is still lacking. In our preliminary experiment we found that 20 min of moderate treadmill running signi¢-cantly increases extracellular dopamine (DA), noradrenaline (NA), glutamate (GLU) and serotonin in rat striatum, while c-aminobutyric acid (GABA) remained unchanged (data not shown).
In the present study, we use theìn vivo' microdialysis sampling technique to register extracellular levels of neurotransmitters in the striatum of trained and untrained rats.We evaluate the in£uence of 1 h of exercise on striatal release of DA, NA, GLU and GABA in trained and untrained rats.
MATERIALS AND METHODS
The protocols for the animal experiments described in this paper were carried out according to the national rules on animal experiments and were approved by the ethics committee of the Faculty of Medicine and Pharmacy of theVrije Universiteit Brussel.
Animal treatment and experimentalprocedures
Male albino Wistar rats were randomly assigned to a training group n 8 or a control group n 8.The animals were kept on a12 h light/dark cycle (lights on at 06.00 h) and were fed a standard diet with free access to food and water throughout the experiment.
Training
The animals of the training group were accustomed to handling and running on a rodent treadmill during the ¢rst 2 weeks. Subsequently they exercised for 6 weeks, 5 days week Two weeks before the microdialysis experiment, the control animals were placed on the treadmill twice a week in order to adapt to the experimental situation. To become familiarized with exercise, running speed and time were gradually increased. They received a total of four adaptation sessions' in which they exercised for 15 min at 12 m min )1 in the ¢rst session; during the last`adaptation session' the animals ran for 45 min at 26 m min )1 . Two animals that were reluctant to run during this testing period were not used in the experiment and were replaced by others. All animals (trained and control) had their last exercise session 3 days before surgery.
To minimize the e¡ects of circadian variations in brain neurotransmitters, all microdialysis experiments started at 09.00 h.
Surgery and brain dialysis
Animals were anaesthetized with a mixture of ketamine and diazepam (50 mg kg
; 5 mg kg )1 i.p.) and placed on a stereotaxic frame. The skull was exposed and a guide cannula (CMA Microdialysis, Stockholm, Sweden) was implanted through a bore hole in the left striatum (A: + 1.2, L: ) 2.4, V: + 2.8) as described by Paxinos & Watson (1986) .The animals were allowed to recover from surgery for 2 days, and on the second day, the microdialysis probe (CMA12, membrane length 3 mm) (CMA Microdialysis, Stockholm Sweden) was inserted through the guide.The probes were connected to a microinfusion pump and perfused with a modi¢ed Ringer's solution (147.5 mmol L )1 Na + , 4 mmol L
) at a con- . After the microdialysis probe was implanted, the animals were placed on the treadmill and they remained there until the end of the experiment. The sampling of the dialysates began 20 h after probe implantation. The microdialysis samples were collected every 20 min in vials containing 10 lL of an antioxidant mixture (0.01 M HCl; 0.1% Na 2 S 2 O 5 ; 0.01% Na 2 EDTA). On the day of the experiment, in all animals, samples were collected for at least 2 h (six samples) to verify stable basal conditions. The animal was then exercised for 60 min (three collections), and sampling was continued during recovery from exercise (160 min), the total collection time being at least 340 min.
Acute exercise
On the day of the experiment, when stable basal dialysate neurotransmitter levels were reached, the animals were exercised for 60 min at a speed of 26 m min )1 on a motor-driven horizontal treadmill (Omnitech Electronics, Columbus, OH, USA). An adjustment was made to the treadmill in order to attach the counterbalance arm of the microdialysis system.
Analytical assay
Microbore LC with electrochemical detection was used for the determination of NA and DA and in the obtained dialysates. The LC system consisted of a`Gilson 302 pump' (Gilson,Villiers le Bel, France) operating at a £ow rate of 0.7 mL min )1 with a £ow splitter kit for SepStik microbore columns (Bioanalytical Systems, WestLafayette, IN, USA), resulting in a £owrate through the column of 58 lL min )1
. Separation was performed on a SepStik microbore column: 100 mm´1 mm i.d., 5 lm C8 (Bioanalytical Systems, West Lafayette, IN, USA), which was coupled to a Kontron autosampler (Kontron instruments, Milan, Italy). The injection volume was 10 lL.The electrochemical detector used was a single channel amperometric capillary detector (Antec, Leiden, the Netherlands) based on the wall-jet principle. The cell was equipped with a glassy carbon working electrode. The operating potential was 450 mVvs. a Ag/AgCl reference electrode.The range of the detector was set at 0.2 nA V )1
. Integration of the chromatograms was performed with an integration computer programme (Kontron Data System, 450-MT2, Kontron, Milan, Italy).
The mobile phase consisted of 60 mM sodium acetate, 2 mM decanesulphonic acid and 0.1 mM Na 2 ED-TA. Twenty-¢ve millilitres of acetonitrite was added to 200 mL of this solution.
The chromatographic conditions and precolumn derivatization procedures for the amino acids have previously been described in detail (Smolders et al. 1995) . For glutamate, microbore LC with gradient elution and £uorescence detection was used. The precolumn derivatization was performed with o-phtaldehyde/bmercaptoethanol. For GABA, a microbore assay with isocraticelution andelectrochemicaldetectionwasused. The pre-column derivatization was performed with o-phtaldehyde/tert-butylthiol and iodoacetamide.
Determination of oxidative enzymes in muscles
Since endurance training substantially increases the amount of oxidative enzymes in muscles (Wilmore & Costill 1994) , we determined citrate synthase, one of the oxidative enzymes in the mitochondria and therefore a marker of mitochondrial density of muscle cells.
At the end of the experiment, the animals were anaesthetized and the left soleus muscle was dissected. This muscle was immediately frozen in isopentane cooled with liquid N 2 to its freezing point and stored at )80°C until analysis. Homogenates of this muscle were analysed for citrate synthase as described by Shepherd & Garland (1969) .
Data analysis
Data are given as means þ SEM. The extracellular catecholamine and amino acid levels in the dialysates are, respectively, expressed in fmol 20 min )1 and lM 20 min , and are not corrected for relative recovery across the dialysis membrane. The means of the body weights and muscle citrate synthase are compared with an unpaired t-test, while the means of basal levels between trained and control animals are compared with a Mann^Whitney U-test.
The levels obtained during and after the exercise are expressed as percentages of the baseline value.The baseline value is the average concentration of the neurotransmitter in the dialysates obtained during the ¢rst 2 h of dialysis. All subsequent values are expressed relative to this basal value ( 100%).
The e¡ects of exercise are analysed with a two-way (group´time) ANOVA for repeated measures followed by Fischer PLSD-test.
Signi¢cance level is set at P`0X05.
RESULTS

Body weight
Body wt (mean þ SD) for trained animals at the time of the experiment was 309.2 þ 17.1 g, while control animals weighed 314 þ 7.5 g. There was no statistically signi¢cant di¡erence between the mean body weights of both groups of animals P 0X49.
Muscle oxidative enzymes
Citrate synthase activity of the soleus muscle, a marker for the e¡ect of exercise training, revealed that the concentration of soleus muscle citrate synthase was signi¢cantly di¡erent between trained and control animals. The values were, respectively (mean þ SD), 29.4 þ 7.0 units g )1 wet wt for trained animals, and 14.3 þ 5.9 units g
)1 wet wt for control animals P`0X01.
Basal neurotransmitterlevels
Basal concentrations of DA, NA, GLU and GABA for trained and control animals are presented in Table 1 . The basal outputs of DA, NA and GLU were signi¢-cantly di¡erent P`0X05 between the trained and control animals, while exercise training did not significantly in£uence basal GABA output.
The in£uence ofacute exercise on neurotransmitterlevels in striatum oftrained and control animals Sixty minutes of exercise signi¢cantly increased extracellular DA levels in both control and trained animals P`0X05. Extracellular DA levels remained about 50% above baseline until the end of the experiment in both groups. Two-way ANOVA indicated a signi¢cant time factor, but no di¡erence was detected between groups (Fig. 1) . Exercise also signi¢cantly increased NA output in a time-dependent manner in both trained and control animals P`0X05. Extracellular NA reached its highest level during exercise (þ 60% in both groups) and gradually returned to baseline values at the end of the experiment. Compared to baseline (100%), the exercise-induced increases in NA e¥ux were similar in both groups (Fig. 2) .
In trained and control animals, exercise signi¢cantly increased extracellular GLU levels P`0X05. There was a maximum increase of 200% above baseline in the last exercise sample for the trained group, while in control animals the max GLU increase also occurred during exercise (80% above baseline). GLU levels gradually decreased in both groups, but remained about 50% above baseline at the end of the experiment in trained animals, while in control animals the values gradually decreased and almost reached baseline values at the end of the experiment (30% above baseline in the last sample) (Fig. 3) .
Although exercise induced an increase in extracellular GABA levels (maximum increase from baseline was + 68% in trained and + 76% in control animals), the data did not reach statistical signi¢cance P b 0X05. (Fig. 4) .
DISCUSSION
Regularly performed endurance exercise (i.e. endurance training) induces profound adaptations in many peripheral physiological systems (e.g. cardiovascular, muscular, endocrine). It is also well known that endurance training increases the activities of mitochondrial enzymes. We trained our animals during 6 weeks, which was su¤cient to increase muscle citrate synthase, indicating that skeletal muscles adapted to chronic exercise with an increase in aerobic capacity.
The changes that occur in the cardiovascular and respiratory systems as a result of chronic exercise have been the subject of numerous investigations. The possibility that there are also central adaptations with Figure 2 E¡ect of 60 min of exercise on striatal extracellular NA levels in trained and control h rats. Data are expressed as mean þ SEM. * denotes a signi¢cant increase compared to baseline P`0X05.There was no di¡erence between groups (two-way training has not received an equal amount of attention. The results of the present study demonstrate that exercise training also in£uences central neurotransmission. Until now, studies that examined the in£uence of exercise training on the concentrations of brain transmitters and/or their metabolites in di¡erent brain regions used whole brain or regional brain homogenate preparations (for review, see Chaoulo¡ 1989 , Meeusen & De Meirleir 1995 . Most studies found an increase in brain concentrations of DA and NA, suggesting an increase in synthesis and metabolism of these transmitters (Brown & van Huss 1973 , Brown et al. 1979 , De Castro & Duncan 1985 . Receptor-binding studies have suggested a hypersensitivity (Gilliam et al. 1984) and an increase in striatal D 2 receptor binding (Gilliam etal.1984 , MacRea et al. 1987 following exercise training, indicating a possible decrease in striatal DA release. Recent data from Dluzen et al. (1995) , who used superfused striatal tissue to investigate the e¡ect of 9 weeks of daily spontaneous running on basal striatal DA release, are in agreement with the homogenate studies. This is con¢rmed by our experiments, which show a signi¢cant decrease in basal striatal neurotransmitter output. Another microdialysis study, however, did not ¢nd a decrease in basal neurotransmitter output (Pagliari & Peyrin 1995b) . These authors used transcortical dialysis to investigate the e¡ect of a short-duration exercise training on neurotransmission in the cortex of rats. Their results showed an increase in basal extracellular NA levels. These di¡erent results could be due to the much shorter training period (only 12 training sessions in 2 weeks) and other methodological di¡erences such as the use of a transversal dialysis probe, a chronic probe implantation, a di¡erent brain area and a di¡erent strain of animals. Nevertheless, one has to consider that the change in basal neurotransmitter release due to exercise training could be region-and transmitter-dependent, since we found that, in striatum, baseline GABA levels did not decrease following exercise training. Although further studies are required to elucidate the possible mechanisms to explain the changes in basal levels of DA, NA and GLU that occur after chronic exercise training, some hypotheses can be proposed. First, chronic exercise could have resulted in a change in receptor sensitivity, creating a downregulation of the synthesis and/or release capacity of striatal neurons. However, the opposite could also be true: the decreased basal neurotransmitter level that we found could be the result of either a decreased release or an increase in the density and sensitivity (activity) of the presynaptic autoreceptors as shown by some receptor binding studies (Gilliam et al. 1984 , MacRea et al. 1987 . However, the ligands used in most of these receptor binding studies are not speci¢c to one receptor type and do not di¡er-entiate between pre-and postsynaptic binding sites (Chaoulo¡ 1989 ). Another possibility is that the decreased basal neurotransmitter output as found in this experiment is not an exercise training e¡ect. It is possible, for example, that the training does not decrease basal e¥ux selectively as a result of the exercise per se, but as a result of handling. Then the stress associated with the training simply decreases the trained animal's reactivity to the stress associated with the dialysis test day. However, although habituation is reported following chronic intermittent stressors such as handling, noise and restraint (Lachuer et al. 1994) , other studies did not report habituation of DA neurons to repeated stressful experiences. Furthermore, we should point out that, in our experiment, GABA did not show lower baseline output, and data from similar experiments in hippocampus did not reveal di¡erent basal 5-HT output between trained and control animals (data not shown).
Interestingly, despite a reduction in basal neurotransmitter release in the striata of trained animals, the data showed an exercise-induced response that was virtually identical to that of control animals. In this way, exercise training appears to result in diminished basal transmitter activity while maintaining the necessary Figure 3 E¡ect of 60 min of exercise on striatal extracellular GLU levels in trained and control h animals. Data are expressed as mean þ SEM. * denotes a signi¢cant increase compared to baseline P`0X05. There was no di¡erence between groups (two-way ANOVA). sensitivity for responses to stimuli.This is in agreement with other studies (Gresch et al. 1994 , Dluzen etal.1995 that examined re-exposure of a`chronic stimulated' animal to the same or a novel stimulus. We have to consider that, although exercise-induced increases in extracellular concentrations between trained and control animals did not di¡er signi¢cantly, re-exposure of trained animals to the exercise stimulus elicited a greater increase in GLU e¥ux than in controls (200% and 80%, respectively). Although several experiments have shown that on re-exposure to a stimulus (Imperato et al. 1992 , Doherty & Gratton 1992 , Jordan et al. 1994 , or when a chronic stressed animal is confronted with a novel stimulus (Nisenbaum etal.1991 , Gresch etal.1994 , sensitization could occur in several brain areas, we did not observe this phenomenon in our experiments. It seems, therefore, that this sensitization is region-, stressor-and transmitter-dependent.
Although it has been shown recently that the agerelated decline in benzodiazepine/GABA A receptor was reversed by exercise training (Tehrani etal. 1995) , in our experiments neither acute nor chronic exercise in£uenced extracellular GABA levels in a signi¢cant manner. The exact mechanism of exercise-induced in£uence on striatal GABA release needs to be elucidated.
It appears that subjecting animals to speci¢c environmental and/or training programmes can exert considerable in£uence on subsequent nigrostriatal neurotransmitter functioning. The fact that in this experiment striatal neurotransmitters are in£uenced by acute and chronic exercise indicates that there might be a functional linkage between the catecholamines and GLU during exercise. These ¢ndings support previous suggestions of a selective activation of basal ganglia neurons during stress (Thierry et al. 1976 , Deutch et al. 1985 , Mantz et al. 1988 , but might also re£ect regional di¡erences in the density of terminal transmitter uptake sites (Abercrombie et al. 1989) , or di¡erences in autoreceptor-mediated regulation of terminal transmitter synthesis and release (Bannon et al. 1981 , Galloway et al. 1986 ). However, the amount of interaction or the exact action mechanism needs to be determined.We also have to consider that the changes in neurotransmitter levels measured in this experiment could re£ect di¡erent aspects of exercise, including movement, control of locomotion, alertness, motivation, etc.
In summary, the data of the present study indicate that chronic exercise signi¢cantly reduced the basal output of NA, DA and GLU in rat striatum. Despite a reduction in basal neurotransmitter release in the striata of trained animals, exercise-evoked striatal neurotransmitter release did not signi¢cantly di¡er between trained and control animals, although the percentage increase over baseline was markedly higher for GLU. Exercise training appears to result in diminished basal activity of striatal neurotransmitters, while maintaining the necessary sensitivity for responses to acute exercise. These observations raise the possibility that there could exist an exercise-induced change in receptor sensitivity; however, much more research is needed to elucidate this hypothesis.
